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Thermal stress-induced birefringence in borate glass which has been irradiated by 800-nm femtosecond laser
pulses is observed under cross-polarized light. Due to the high temperature and pressure formed in the focal
volume, the material at the edge of the micro-modied region is compressed between the expanding region and
the unheated one, then stress emerges. Raman spectroscopy is used to investigate the stress distribution in the
micro-modied region and indicates the redistributions of density and refractive index by Raman peak shift. We
suggest that this technique can develop waveguide polarizers and Fresnel zone plates in integrated optics.
PACS: 65. 60.+a, 78. 20. Fm, 78. 30. j
The femtosecond laser has exhibited great poten-
tials in material processing, and many microstructures
in transparent materials have been fabricated, in-
cluding optical waveguides, splitters, couplers, three-
dimensional data storage, and photon crystals.
[1 5]
As
we know, ultrashort pulse and ultrahigh peak power
are the main characterizations of femtosecond laser,
and femtosecond lasers can be used to generate a num-
ber of nonlinear eects by multiphoton absorption and
avalanche ionization in the focusing area of materials.
Thus, highly precise micromachining may be achieved
by controlling focusing parameters.
Glass is an excellent optical material with good
transparency and uniformity. By applying dierent
pulse energy and adjusting focusing parameters, a
wide variety of microstructures can be induced in the
bulk glass. For pulse energy well above the break-
down threshold, a microexplosive void may emerge.
For lower energy, colour centre, densication, bond
breaking, and local melting induced by the femtosec-
ond laser can result in a refractive index change in
the irradiation region.
[6]
In addition, after a long-time
irradiation, thermal eect becomes the main reason
of the structure change due to thermal accumulation
in bulk glass, then stress emerges during glass fast
cooling.
[7]
In this Letter, Raman spectroscopy is used
to analyse the stress distribution induced by a fem-
tosecond laser in the modied region and we give sug-
gestions on the process of structure changes in the
bulk glass based on our experiment. The result is
important for investigating the forming mechanism of
crystals in the glass irradiated by a fetmosecond laser
and this technique can develop waveguide polarizers
and Fresnel zone plates in integrated optics.
In our experiment, the material studied was taken
to be borate glass. The composition of the borate glass
was (47.5)BaO(47.5)B
2
O
3
(5.0)Al
2
O
3
(mol%), and the
starting materials were reagent grade BaCO
3
, B
2
O
3
and Al(OH)
3
. A mixed batch was melted in a Pt cru-
cible at 1250
Æ
C for approximately 2 h. Then the Pt
crucible was put into cold water to prevent crystal-
lization of the melt. Finally, the sample was cut into
5mm  5mm  5mm sized pieces from the prepared
glass and was polished.
The irradiation source was a regenerative amplied
800-nm Ti:sapphire laser that output a mode-locked
beam with a pulse duration of 120 fs and a repetition
rate of 200 kHz. The power of laser was 420mW. A
microscope with a 5 objective lens and a numerical
aperture of 0.8 was used to focus the laser beam to
a spot size of approximately 10m. The laser beam
was focused onto a plane 100m below the surface of
the sample. It is essential to control the laser inten-
sity to avoid damaging the glass onto which the laser
is focused. In this experiment, the uence of the laser
irradiation was set at 4:0 10
12
W/cm
2
.
The Raman scattering experiment was performed
with a Renishaw inVia Spectrometer system for Ra-
man spectral analysis using visible excitation at
514 nm. The excitation light source was an Ar
+
laser
with a power of 20mW. A 50 objective lens was used
to focus the beam onto the sample. The power on
the sample is about 7mW. The spectrometer grating
is 1800 lines/mm. The spectrum scattering detection
region ranges from 40 cm
 1
to 1600 cm
 1
with a Stan-
dard CCD array detector (576 384 pixels). The slit
is about 20m. The scattered radiation was measured
at an angle of 180
Æ
from the incident laser beam. The

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sample was exposed for 40 s and scanned twice. The
resolving power of this system was 1 cm
 1
. All the
experiments were carried out at room temperature of
25
Æ
C.
From Fig. 1, we can observe the micrographs of the
microstructure under natural light and cross-polarized
light, which emerges after femtosecond laser irradiated
the borate glass
1
125
s,
1
32
s,
1
4
s, 1 s, 4 s, 1min, 20min,
5min, 10min, 15min respectively. After irradiation
for
1
125
s, a circular structure forms in the focal plane,
and the circle region expanded regularly and propor-
tionally with the increasing irradiation time. How-
ever, when the time exceeds 5min, the region stops
expanding and minor changes appear in the centre of
the focal volume, and the diameter of the modied re-
gion is about 100m. Under the cross-polarized light,
we can nd a bright circle consisting of many regular
rings, and black and white rings alternate, which are
clearly the interference pattern of convergent light, see
Fig. 2(a). After 10-min irradiation, the bright{dark
rings become colourful, indicating that the BBO crys-
tal has come into being.
[8]
Fig. 1. Graphs of the microstructure under (a) natural
light and (b) cross-polarized light with dierent exposure
times.
We assume that under the cross-polarized light the
interference pattern is the stress-induced birefringence
with thermal eect after femtosecond laser irradiating
the borate glass for 5min. When femtosecond laser
pulses irradiate into the bulk glass, laser energy is ab-
sorbed through multiphoton absorption in the focal
volume. With the pulse number increasing, the tem-
perature in the focal volume would rise accordingly,
then the thermal energy diuses from the focal point
to the outer area, and the heated region begins melt-
ing and expanding. Due to the high temperature and
pressure formed in the focal volume, the material at
the edge of the modied region is compressed between
the expanding region and the unheated one, and the
refractive index of the compressed region increases,
while the density of the expanding region reduces. It
is emphasized that the modied region should be a
circular structure in the focal plane because of the
isotropy of the glass. Signicantly, when the expo-
sure time is long enough, the density and the thermal
conductivity of the expanding region decreases to the
extent that the deposited energy cannot transfer into
the outer region smoothly. The energy deposits in the
central region, then another circular structure with
high refractive index emerges between the expanding
region and the unheating one. Repeating the process
several times, a series of circular structures can be ob-
served under the natural light, which results from the
refractive index changing alternately.
Fig. 2. Interference pattern under the cross-polarized
light owing to (a) stress-birefringence and (b) crystal in-
duced by femtosecond laser in borate glass. The black
cross is the extinction of transmission light.
Then the process of the molten glass cooling was
experimentally investigated. When the laser pulses
turn o, the central material begins contracting under
the pressure from the neighbouring regions because
no free rooms may accommodate the extra volume
resulting from the expanded less-dense glass, so the
central region forms a high-refractive index structure,
and less at the other region.
[9]
If the molten radius
is very large, since there is a temperature gradient
during the cooling process of the molten glass, the
contracted phenomena may appear within the whole
molten region simultaneously, resulting in tremendous
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compressed stress in dierent density regions.
It is well known that for cooled glass a stress dis-
tribution is associated with density and the refractive
index.
[10]
Cerdelra et al.
[11]
indicated that compressed
stress would emerge if the Raman peak occurs as a
blueshift in the material, and extended stress with
redshift. To investigate the stress mapping in the
sample, a Raman spectrometer was employed to anal-
yse the structure changes. We investigated the ab-
sorbance of the sample at 514 nm; the thermal eect
from the Ar ion laser is negligible. Figure 3 illustrates
the Raman spectra of the borate glass irradiated for
5min by a femtosecond laser. Three peaks can be ob-
served, which are located at approximately 189 cm
 1
,
475 cm
 1
, and 742 cm
 1
. Among them, the peak at
189 cm
 1
should be considered to be a translational
vibration of a portion of Ba
2+
and Al
3+
ions in the
network, and the peaks at 475 cm
 1
and 742 cm
 1
are
assigned to an asymmetrical transforming vibration of
the BO
4
units and vibrations of borate units with a
BO
4
tetrahedron respectively.
Fig. 3. Raman spectra of borate glass irradiated by fem-
tosecond laser for 5min.
We scanned dierent positions every 2m in the
modied region from the edge of structure to the cen-
tre and followed the relative shift of the 189-cm
 1
Ra-
man peak of the sample. From Fig. 4, we can nd that
when the scanned positions lie in the cross-sections
of dierent refractive index areas, the Raman peaks
shift sharply, which is supposed to result from the
tensile stress stretching materials between opposite
contracted directions during cooling. Therefore, we
can observe displayed Raman wave number shift is
10.0 cm
 1
.
In our experiment, although the interval between
pulses is longer than the time that the energy trans-
fer into the lattice, the thermal eect is still the main
cause of modifying microstructure in the irradiated re-
gion and the structure change areas exceed the focal
ones on account of energy diusing. Moreover, the
behaviour of the peak at 189 cm
 1
is in good agree-
ment with the stress distribution at cross-sections be-
tween the regions with dierent refractive indices, and
the distinct interference pattern due to thermoelastic
stress birefringence is observed. Also, we use the same
technique to obtain the similar microstructures in ti-
tanate glass, as shown in Fig. 5.
Fig. 4. (a) A scheme of the modied region of the sam-
ple, with dierent greys denoting the corresponding areas
with dierent refractive indices. (b) The relative shift of
the 189-cm
 1
Raman peak at dierent positions in the
sample. A, B, C, and D indicate the positions with the
dierent radii in the modied region, respectively. (c) The
graph of the modied region in the borate glass.
Fig. 5. Interference pattern under the cross-polarized
light owing to (a) stress-birefringence and (b) crystal in-
duced by femtosecond laser in titanate glass. The black
cross is the extinction of transmission light.
In summary, we have observed the birefringence
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generated by thermoelastic stress after femtosecond
laser pulse long-time irradiation, and the Raman peak
shift is strongly aected by stress at cross-sections of
dierent refractive index. It is shown that the ther-
mal eect by accumulative energy may bring an im-
portant contribution to the redistribution of density
and refractive index of the micro-modied region in
glass. Furthermore, long-time femtosecond laser irra-
diation may induce the growth of crystal in the focal
area of bulk glass. Because in-plane stress causes bire-
fringence that may develop waveguide polarizers and
Fresnel zone plates, controlling the laser-induced bire-
fringence can fabricate integrated optical components.
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